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Abstract— The scroll-type air motor, also named the scroll 
expander, has been widely used for different applications due to 
its characteristics of compact structure and high energy 
conversion efficiency. However, the leakage and the friction result 
in non-negligible energy losses. This paper presents the recent 
work on developing a new scroll-type air motor with mounted 
permanent magnetic spirals and investigates its potential in 
leakage reduction and efficiency improvement, especially at 
low-pressure air supply conditions. A method for the 
implementation of the magnetic scroll air motor is proposed. A 
prototype is manufactured and initial experimental tests are 
conducted to study the generalized torque distribution. A 
mathematical model for the magnetic scroll air motor is developed 
and a corresponding simulation study is presented. The study 
shows that the proposed magnetic scroll air motor structure is 
feasible in terms of manufacturing and has the potential to reduce 
the air leakage and thus to improve the energy efficiency by a 
maximum of around 15% at a supply pressure of 52 10 Pa with a 
flank leakage clearance reference of 0.06mm. 
 
Index Terms — Scroll-type Air Motor, Prime Mover of 
Generator, Magnetic, Mathematical Modelling and Energy 
Efficiency. 
I. INTRODUCTION 
neumatic motors convert compressed air energy into 
driving force for linear and angular motions and its 
applications can be found in industrial and residential areas. 
The paper will focus on one particular type — the scroll-type 
air motor (also named the scroll expander), and it will propose a 
new design for improving its performance and energy 
efficiency.  
The scroll technology has been widely applied in the 
compressors of air conditioners (e.g., residual and automotive 
air conditioning), refrigerators and auxiliaries in different 
systems (e.g., superchargers for vehicle engines and some 
optical equipment) [1, 2]. The technology has recently been 
extended for manufacturing pneumatic motors (expanders) 
[3-5]. Inherited from the structure of scroll compressors, 
scroll-type air motors have distinguished merits, including 
compact design, operation reliability, low level of noise and 
relatively high energy conversion ability at a certain range of 
working conditions [3-7]. 
The study of scroll-type air motors and scroll expansion 
equipment using different working mediums have been 
explored in both academia and industry, mainly focusing on the 
optimization study of the scroll geometry and the working 
process for improving the device’s performance and efficiency, 
the applications of the scroll technology for recycling exhaust 
energy with low-pressure and/or low-grade heat characteristics, 
as a prime mover for electricity generators, and as a key energy 
conversion unit for small-scale energy storage through fuel 
cells and compressed air. A literature review of the recent 
progress on this area is presented below. 
Concerning mathematical modelling and optimisation, a 
mathematical description of a method to design a scroll-type air 
motor with variable wall thickness was developed by Wang et 
al. and Dickes in [8] and [9], respectively. An optimized 
volumetric (or expansion) ratio can be achieved by their 
developed models and the isentropic efficiency could be 
improved [8, 9]. A complete dynamic model for scroll air 
motors with validation was presented in [5]. The energy 
efficiency analysis was also performed, which explained the 
scroll’s good ability in energy conversion [5]. The unsteady 
flow losses with vortexes in the suction process of the scroll 
expander have been studied via a three-dimensional transient 
Computational Fluid Dynamic (CFD) numerical model, which 
can provide guidance for the optimal design of the suction port 
of scroll mechanism [10]. In the area of energy recovery, the 
performance of a scroll expander used for recovering the 
exhausted air from a fuel cell system was studied in [11]. The 
paper indicates that the leakage has a significant effect on the 
volumetric efficiency of the system. A hybrid pneumatic 
system that recovers energy from the exhaust air through a 
scroll expander was designed by Luo et al., which concluded 
that, with a proper closed-loop coordinate control strategy, the 
energy efficiency improvement can reach 18.1% from the tests 
[12]. Luo et al. also studied a vehicle gasoline engine 
post-combustion mixture energy reusing system via the scroll 
technology [13]. The strategies for modification of the scroll 
expander were investigated and the simulation results indicated 
that it is possible to produce hundreds of Watts of power output 
from energy recycling, with over 90% of exhaust flow being 
recycled [13]. The Organic Rankine Cycle (ORC) system is one 
of the most important application areas of scroll expanders. 
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Song et al. reviewed the research in this area, including the 
prototypes of scroll expanders for ORC systems, theoretical 
modelling and CFD simulation in scroll machine design [7]. 
The leakage with clearances of scroll expanders is one of 
focuses in [7]. For small-scale Compressed Air Energy Storage 
(CAES) systems, Krupke et al. studied a scroll air motor within 
a small-scale CAES system to support wind power generation 
and integration [14]. The study demonstrates the benefit of 
improved efficiency with optimized tip speed ratio brought to 
the hybrid wind turbine operation [14].  
In industry, the UK based company Flowgroup (previously 
named FlowBattery and Energetix Group) commercialized the 
Compressed Air Battery (CAB) which can be considered as a 
variant of the small-scale CAES facility. It has been used in UK 
and US national grids and data centres for Uninterrupted Power 
Supply (UPS) [15]. The company has also released the micro 
Combined Heat & electrical Power (CHP) system. It is claimed 
that people could save 20% of gas and electricity bills by using 
such type of CHP system at home [16]. The scroll air motor 
(expander) has been used as a core component in the two 
products for efficient multi-energy conversion [15, 16]. The US 
based company Airsquared is a pioneer in the manufacture of 
scroll expanders [17]. The company has studied the combined 
scroll expansion-compression in hydrogen recirculation and 
many other scroll relevant projects [17].  
From the above literature review, it can be found that, in 
many of the above designs/applications, scroll air motors 
(expanders) have been used as a prime mover to produce the 
driving torque for electrical generators [7, 12-17].  
From the authors’ previous study and the literature review, it 
is noticed that the energy conversion ability of scroll air motors 
is reduced when the supply air pressure is low [4, 5, 7, 11]. This 
is mainly caused by the air leakage between the chambers and 
the frictions. Such a characteristic will undoubtedly affect and 
limit many applications of scroll air motors, especially in 
low-pressure exhaust energy recycling and small-scale energy 
storage systems. To address this issue, the paper presents an 
innovative design by inserting permanent magnetic materials 
into the original fixed and moving scrolls to change the 
distribution of the acting forces/torques. It is expected that the 
developed magnetic scroll air motor has the potential to reduce 
the leakage and, in turn, improve the efficiency.  
The paper begins with the description of the implementation 
of the proposed design. The magnetic field distribution and the 
flux density magnitude are studied via finite element 
simulation. An experimental study of the effect of the magnets 
is conducted using a prototype. A mathematical model for the 
design is then developed based on the model for ordinary scroll 
air motors. From the study, the potential benefits on the air 
leakage and the energy efficiency are justified.   
II. DESCRIPTION OF THE NEW MAGNETIC SCROLL 
This section presents the principle of magnetic scroll air 
motors, the selection and the installation of magnetic materials, 
and the magnetization of magnetisable spiral segments. 
Fig. 1 shows the structures of two examples of ordinary 
scroll-type air motors. The main components of a scroll air 
motor consist of a moving scroll connected with a crank shaft 
via a bearing and a fixed scroll mounted inside a motor shell. 
From Fig. 1, it can be seen that the inlet port is at the centre of 
the fixed scroll and the outlet port is located on the air motor 
shell. The compressed air flowing through the scroll air motor 
experiences three phases: charging, expansion and discharging, 
which associate with three types of chambers: central, side and 
exhaust chambers, respectively [5]. When the compressed air 
goes through the three phases in the air motor, its pressure 
decreases, and its energy is released and converted into the 
shaft kinetic energy in terms of the air motor driving torque 
output. The volumes of all chambers discontinuously vary in 
cycle-to-cycle operation. For details of scroll-type air motor 
operation, refer to [5, 8].  
 
 
Fig. 1.  Illustration of the ordinary scroll-type air motor structure [13] 
(modified from Sanden® scroll compressors, types: TRSA05 and TRS09) 
 
In an ordinary scroll-type air motor, the material of both the 
fixed scroll and the moving scroll is a type of non-magnetic 
alloy (Fig. 1). For implementing the proposed design, two or 
more magnetic spiral segments are designed to be inserted into 
the two non-magnetic alloy scrolls. Each magnetic spiral 
segment should be magnetized in a particular direction to 
enhance the air motor’s useful torque output. In addition to the 
driving torque generated from the compressed air (which is the 
same as for ordinary scroll air motors), the magnetic field 
resulting from the magnetized spiral segments will generate 
extra workable torque at some angular positions and this extra 
torque can potentially benefit the air motor’s operation and 
performance. 
The selection of permanent magnetic materials is very 
important. The selection needs to consider the following 
important factors: (1) the selected materials must be able to 
produce a strong magnetic field to generate useful magnetic 
torque, which involves the consideration of key properties of 
magnetic materials, e.g., coercivity, the remanence of the 
permanent magnet, and energy density; (2) the magnetic 
materials should be able to operate and to provide a stable 
magnetic field within a wide temperature range, considering the 
various applications of the air motor, e.g. exhaust (heat) 
recovery.  
From the study, the magnetic material chosen is 
Neodymium-Iron-Boron (NdFeB) which has a higher energy 
density than most other materials (the theoretical maximum 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
3 
energy density of NdFeB can be 485kJ/m
3
) [18]. From the 
category of NdFeB, the materials of VACODYM 655 HR and 
722 HR (VACUUMSCHMELZE
®
 GmbH & Co. KG products) 
are considered as two options. The comparison of the properties 
of these two materials is given in Table 1 [18]. It is seen that 
VACODYM 722 HR has a higher energy density compared to 
VACODYM 655 HR; however, the maximum continuous 
temperature of VACODYM 655 HR is higher than that of 
VACODYM 722 HR. In addition, from the information of 
demagnetization and irreversible losses of these two materials 
at different temperatures (refer to [18]), VACODYM 722 HR 
can be more easily demagnetised compared to VACODYM 
655 HR. Thus, VACODYM 655 HR is chosen for the prototype 
magnetic scroll air motor development. 
 
TABLE I 
COMPARISON OF PROPERTIES OF VACODYM 655 HR & 722 HR AT 20OC [18] 
Typical values of magnetic 
 related properties 
VACODYM 
655 HR 
VACODYM 
722 HR 
Remanence Br   1.28 T 1.47T 
Energy density (BH)max 315 kJ/m
3 415 kJ/m3 
Coercivity HcB 990 kA/m 915 kA/m 
Inner magnetizing field strength Hmag 2500 kA/m 2500 kA/m 
Maximum continuous temperature Tmax 150 
oC 50 oC 
 
To host the magnetic spiral segments, the mechanical 
modification of the existing air motor is considered. The two 
housing slots are machined on the original non-magnetic alloy 
moving and fixed scrolls, respectively (an example is shown in 
Fig. 2(a)). Magnetic spirals matching the shape and size of the 
slots are made (an example is shown in Fig. 2(b)), which are 
then inserted into the slots (Fig. 2(c)). Alternatively, multi 
segments of magnetized blocks can be inserted into each slot to 
make the design more flexible. Via this method, the original 
mechanical structure of the fixed and moving scrolls and the air 
flow route inside the air motor will not be affected; the 
non-magnetic alloy scroll envelope (Fig. 2(a)) provides 
mechanical support to the magnetic spirals. SolidWorks® 
software is used for three-dimension geometry structure design.  
 
 
    A magnetic spiral into the housing slot 
Non-magnetic alloy moving scroll
 
(a)
(b)
(c)
 
Fig. 2.  An example of installing a single magnetic spiral into a housing slot of 
the non-magnetic alloy moving scroll  
 
The method of magnetization of magnetisable spiral 
segments is important. The magnetic field strength generated 
from the magnetic spiral segments depends on the magnetizing 
directions and the magnetizing field strength. Thus, the 
positions of the magnetic poles of the magnetisable spiral 
segments are crucial. Also, to the different designs of 
configurations, the number of magnetized blocks and their 
magnetic poles can be different. This will be discussed further 
with the simulation study of the magnetic field distribution in 
the next section.   
III. SIMULATION STUDY OF MAGNETIC FIELD AND FLUX 
DENSITY OF THE MAGNETIC SCROLL AIR MOTOR 
For the simulation study and the prototype development, the 
geometric parameters of the scroll air motor used are listed in 
Table II, which are based on the structure of a Sanden® scroll 
compressor (Type: TRS09, Fig. 1). 
 
TABLE II 
GEOMETRIC PARAMETERS OF THE PROTOTYPE MAGNETIC SCROLL 
AIR MOTOR  
Parameters Value 
Slope of radius of curvature  0.003183 
Effective inlet area  1.493×10-4 m2 
Effective outlet area  4.531×10-4 m2 
Orbit of the original moving scroll  5.8 mm 
Thickness of each original non-magnetic alloy scroll  4.5 mm 
Height of each original non-magnetic alloy scroll  33.3 mm 
Thickness of each magnetic spiral  2.0 mm 
Height of each magnetic spiral   31.5 mm 
 
The magnetic field distribution variation is dependent on the 
relative positions of the magnetic spiral segments, which is 
determined by the instant position of the moving scroll which 
moves along its orbit angles. Specifically, because at one 
moment the moving scroll’s current orbit angle decides its 
current location and its movement repeats cycle by cycle, the 
variation trends of the magnetic field distribution, the 
generalized force and torque resulting from the induced 
magnetic field of the permanent magnets are periodically 
repeated in each cycle without control. For every relative 
position of the magnetic spiral segments, a steady magnetic 
field analysis is carried out. The ANSYS® Maxwell software is 
employed for the magnetic field distribution simulation. In the 
Maxwell simulation settings, the magnetostatic solver is chosen 
for the simulation of the magnetic field distribution and flux 
density magnitude, the default boundary condition (Natural and 
Neumann) is used, the source of the static magnetic field are 
permanent magnets with the material NdFeB chosen.  
Two simulation cases corresponding to two topologies of the 
magnetic spiral segments are studied, that is, Case I and Case II. 
The simulation cases help to understand how the different 
magnetic fields with flux densities can be generated from the 
different configurations of magnet material insertion patterns. 
Fig. 3 shows the magnetic field distribution with the flux 
density magnitude simulation results for Case I, that is, one 
magnetisable spiral is inserted into the housing slot of the 
non-magnetic alloy moving scroll (refer to Fig. 2) and another 
is inserted into the slot of the non-magnetic alloy fixed scroll. 
Figs. 3(a) and (b) present the simulation results of the magnetic 
field distribution with the flux density, when the relative 
positions of the two non-magnetic alloy scrolls are at two 
specific orbit angles (0
o
 and 90
o
). Fig.3(c) presents the 
magnetic flux density distribution of the moving scroll in three 
dimensions. The magnetization direction of the magnetisable 
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spiral mounted on the moving scroll is shown in Fig.3(d) (“red 
arrow”) and the magnetization direction for the magnetisable 
spiral on the fixed scroll is opposite to this direction.   
 
 
a) Magnetic field distribution and flux density magnitude (the orbit angle 0o) 
 
 
b) Magnetic field distribution and flux density magnitude (the orbit angle 90o) 
 
 
c) Flux density magnitude                d) Magnetization direction 
 
Fig. 3. Simulation results for the magnetic field distribution and the flux density 
magnitude (Case I: single magnetic spiral in each housing slot) [19] 
 
Fig. 4 presents the simulation results from Case II, that is, 
twelve piecewise magnetic segments are inserted into each 
housing slot and thus there are twenty-four magnetic blocks in 
total. Figs. 4(a) and (b) present the magnetic field distribution 
with the flux density, while the positions of the non-magnetic 
alloy moving scrolls are at the orbit angles of 180
o
 and 270
o
, 
respectively. The magnetization directions of these magnetic 
blocks are alternately directed towards or away from the origin 
of coordinates; adjacent magnetic blocks which are located in 
the different housing slots are magnetized in opposite 
directions. 
From the simulation study of Cases I & II, it is found that the 
relative positions of two scrolls in Case I has a greater effect on 
the magnetic field distribution than Case II. From the 
comparison of Figs. 3(a) and (b), it can be seen that for Case I 
the magnetic field distribution changes in dependence with the 
moving scroll’s orbital position: the turbulence marked by blue 
arrows can be observed in Fig. 3(b). Conversely, from the 
comparison of Figs. 4(a) and (b), the magnetic field distribution 
for Case II is not obviously affected by the relative positions. 
Thus, the periodic variations of magnetic force and torque 
resulting from the magnetic field distribution in Case II should 
be smoother in cycle-to-cycle operation compared to Case I. 
Less vibration could lead to a stable mechanical torque output 
from the air motor and in turn to possibly deliver electricity 
with high power quality if the magnetic scroll device is coupled 
with an electrical generator. 
 
 
a) Magnetic field distribution and flux density magnitude (the orbit angle 180o) 
 
 
b) Magnetic field distribution and flux density magnitude (the orbit angle 270o) 
Fig. 4. Simulation results for the magnetic field distribution and the flux density 
magnitude (Case II: multi magnetic spiral blocks in each housing slot) 
IV. EXPERIMENTAL TESTS OF TORQUES OF THE PROTOTYPE 
MAGNETIC SCROLL AIR MOTOR  
A prototype magnetic scroll air motor with a single magnetic 
spiral mounted in each housing slot (Fig.2 and also Case I in 
Section III) was recently developed at Warwick. The prototype 
is originally modified from a Sanden® scroll compressor (Type: 
TRS09). Its geometric parameters are given in Table II. The 
installation of magnetic material (VACODYM 655 HR) and 
the magnetization was made by VACUUMSCHMELZE
®
 
GmbH & Co. KG.  
Fig. 5 illustrates the magnetic field distribution of the 
prototype scroll with the mounted magnetized spiral. The 
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patterns in Fig. 5 are generated by placing iron powder on the 
top of the scroll with the magnetized spiral. From Fig. 5, the 
magnetic field distribution from the prototype is visualized to 
aid understanding the magnetic field distribution simulation 
result (Fig. 3). 
A test rig is set up at the authors’ research laboratory to 
measure the torque resulting from the prototype and to observe 
the performance difference between the prototype and an 
ordinary scroll air motor TRS09 with the same structure. The 
experimental test rig is presented in Fig. 6. The shaft of the 
prototype magnetic scroll air motor is connected to an optical 
rotary transducer (Type: E200-ORT-06, Sensor Technology 
Ltd.) via one pair of mechanical couplings. The transducer is 
also connected to a crank as shown in Fig. 6 and is used to 
measure the torque from the prototype shaft. The measured 
output of the transducer is stored via an optical torque interface 
with its software: Torqview®. 
 
 
Fig. 5. Illustration of the manufactured prototype magnetic scroll air motor  
(N: North Pole; S: South Pole) [19]  
 
 
Fig. 6. The experimental test rig for the prototype magnetic scroll air motor  
 
The experimental tests were implemented as follows. Both 
the ordinary scroll air motor without magnetised materials and 
the prototype magnetic scroll air motor are assembled by the 
specialist from the UK-based company, Flowgroup Ltd, which 
is to ensure the friction distribution from the shell assembly is 
as even as possible for both scroll air motors. In the tests, the 
required torques for starting the rotor rotation at different angle 
positions of both scroll air motors are measured individually via 
turning the crank to adjust the angle position of the shaft, which 
is associated with the relative (angle) positions of the moving 
and fixed scrolls. The measurement of the torques was taken 
every ten degrees. 
Fig. 7 shows the experimental test results of the starting 
rotation torques for the ordinary scroll air motor and the 
prototype respectively. In Fig. 7, it can be seen that: for the 
ordinary scroll air motor without magnetised materials, the 
variation range of the torque for starting rotation in one cycle is 
within 0.977±9.5% Nm (the red solid line) and its average 
value is 0.977 Nm (the red dotted line); for the prototype 
magnetic scroll air motor, the variation range of the 
corresponding torque is within 0.801±22.9% Nm (the blue 
solid line in Fig. 7, named 
_mag startτ ) and its average value is 
0.801 Nm (the blue dotted line). It is clear that the variation 
range of the measured torque of the prototype magnetic scroll 
air motor is wider than that of the ordinary scroll air motor. The 
test data from the prototype indicates the combined effect of the 
magnetic torque generated from the magnetic field and the 
torque resulting from the maximum mechanical static friction, 
while the measurement data from the ordinary scroll air motor 
shows the effect from the maximum mechanical static friction 
only. Thus, the trends and ranges of the two solid line curves in 
Fig. 7 are different; with the magnetic torque involved, the 
performance of the scroll mechanism is changed. Considering 
the measurement data from the prototype tests, the starting 
rotation torque is required to overcome the resisting moment 
due to the maximum mechanical static friction, which is 
assumed to be a constant of 0.801 Nm (assuming the maximum 
mechanical static friction is evenly distributed, refer to [20-22]). 
Then the magnetic torque can be expressed as: 
 
_ 0.801 [ 0.172, 0.177]magnet mag start magnetτ τ τ      (1) 
where magnetτ  is the resultant magnetic torque from the induced 
field of magnetized spirals. 
 
 
Fig. 7 Experimental results for the torques for starting rotations of the ordinary 
scroll air motor and the prototype magnetic scroll air motor 
V. MATHEMATICAL MODELLING OF A MAGNETIC SCROLL AIR 
MOTOR AND FURTHER SIMULATION STUDY  
A. Mathematical modelling 
This subsection presents the mathematical modelling of the 
magnetic scroll air motor, which starts from the modelling 
descriptions of the ordinary scroll air motor without mounted 
permanent magnets.  
The geometry description of the ordinary scroll air motor is 
based on the geometry for scroll compressors ([23]) and the 
details were reported in [8]. The mathematical descriptions for 
the moving scroll  ss  ,A  are, 
    sssssss rkkkxx  sincossin, 00 A  (2a) 
    sssssss rkkyy  cossincos, 000 A  (2b) 
with the orbit of the moving scroll:  D sin , coss s sr     
where k is the slope of radius of curvature, determining the 
shape of a scroll spiral; 
0
  is the initial radius of the curvature, 
0 sk    ; ),(),,( 1100 yxyx  
is the initial point of the moving scroll; 
 Magnetic scroll air motor  Optical transducer  
Transducer interface display 
 Silencer & Outlet 
 Ordinary scroll air motor 
Torque monitoring software 
Crank 
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s
 is the tangential angle of a point on a moving scroll; 
s
 is the 
orbit angle of the moving scroll; 
s
r is the radius of the orbit. 
Fig. 8 shows the geometry of a moving scroll spiral. The 
corresponding fixed scroll  sB   can be described as ([14, 15]), 
B 1 0( ) ( )sin coss s s sx x k k k          (3a) 
B 1 0 0( ) ( )cos sins s s sy y k k           (3b) 
where ),(),,( 1100 yxyx  is the initial point of the fixed scroll; s is the 
tangential angle of a point on a fixed scroll.  
 
 
Fig. 8 Geometry of a moving scroll spiral 
 
    Based on the validated model for ordinary scroll air motors 
(refer to [5, 8]), the model for the prototype magnetic scroll air 
motor, with consideration of the air leakage, can be described. 
For mathematical modelling, the following assumptions are 
made: i) the gas used for driving the scroll air motor is an 
ideal gas and the gas is uniformly distributed in each 
chamber; ii) during the scroll air motor operation, the heat 
transfer between different chambers and heat transfer to the 
outside of the air motor is neglected (refer to [5, 8]).  
     For the central chamber of magnetic scroll air motors, 
   
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For the side chamber of magnetic scroll air motors, 
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For the exhaust chamber of magnetic scroll air motors, 
 _ _ _
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where the subscripts essscs _,_,_  represent the central, 
side and exhaust chambers of scroll-type air motors, 
respectively; the subscripts outin,  refer to the inlet and outlet, 
respectively; V stands for control volume; stotalV  is the total 
control volume of the air motor; T  represents temperature 
inside the chambers; P stands for pressure; R is the universal 
gas constant; z is the height of the scroll wall; n  is the number 
of pairs of side chambers; m is mass flow rate; 
air
M  is the 
molar mass of air; h  is the enthalpy of air; hˆ is the specific 
enthalpy of air on a molar basis; ][
air
X  is molar volumetric 
concentration of air; 
,p airC is the specific heat of air; sleakcm _  is  
the leakage mass flow rate from the central chamber to the side 
chambers; 
eleaks
m
_
  is the leakage mass flow rate from the side 
chambers to the exhaust chamber. The driving torque _( )s air  
generated from compressed air energy is,   
  
_air _ _ _ _air _ _ _
_ _ _ 0
0,1,2,...
( , , ) ( , , )
ˆ[ ( , , ) 2 2 4 1 ]
s s c s s s e s s s c s s s e
s s c s s s e s
j
τ P P P r F P P P
r zP P P P k j k  


    
   (13) 
where 
_air _ _ _( , , )s s c s s s eF P P P represents the driving force 
generated from compressed air; Pˆ (
_ _ _, ,s c s s s eP P P ) is the 
pressure difference between the adjacent chambers (refer to [5, 
8]). The above is the modelling descriptions of the ordinary 
scroll air motor based on its geometry and the fundaments of 
thermodynamics and rotary motion. With considering the 
magnetic torque generated from the induced magnetic field, the 
shaft acceleration ( )s  of a magnetic scroll air motor is: 
 _ _ _
_air _ _ _
1
[ , , ,
( , , ) ]
s S C s s c s s s e fs s l
s
s s c s s s e magnet
K S P P P K T
J
τ P P P τ
     
 
 (14) 
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where 
lT  is the air motor load torque; the maximum of j  is 
determined by the number of the driving segments of scrolls; 
s and s represent the rotor rotating angular speed and 
acceleration; 
s
J  is the air motor inertia; fsK  is the coefficient 
of kinematic viscous friction; 
_ _ _( , , , )S C s s c s s s eK S P P P is the 
combination effect on torque resulting from the static plus 
Coulomb frictions with the consideration of the effect from the 
magnetic force, which can be described as,  
 
 
_ _ _
_
_
( , , , )
0
( ) 0
S C s s c s s s e
S C mag staticmax s
s s S C mag staticmax s
K S P P P
K F
sign K F


 



 
 
  
 (15) 
 
where S CK  is a coefficient of this combination effect; s  is the 
coefficient for the Coulomb friction, 0<
s
 <1; 
_S C mag staticmaxK F  
is the combined effect on torque from the magnetic force and 
the maximum mechanical static friction. 
From the fundaments of magnetics, the magnetic torque 
generated by the magnetic field can be defined as ([24-26]), 
 
0
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dx
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   
 (16) 
 
where   is the angle between the directions of the moving 
scroll movement and the resultant magnetic force; magnetF  is the 
resultant force on the magnet(s); x  represents the object 
position; aW is the energy in an air medium (e.g. an chamber) 
with the magnetic flux density (
aB ) and the magnetic field 
strength (
aH ); vola  and adv  are the volume of air field and 
the volume of its segment; mW  is the energy in a magnet block 
with the magnetic flux density ( mB

) and the magnetic field 
strength ( mH

); volm  and mdv  are the volume of magnet block 
and the volume of its segment.  
 
B. Simulation study 
    The simulation study is implemented via using the developed 
model in ANSYS® Maxwell with MathWorks® Matlab, the 
overall variation trend of the magnetic torque from the 
simulated results is roughly comparable to the 
measurement-based data ( magnetτ from Eq. (1) in Section IV). 
The comparison is shown in Fig. 9, from which it can be seen 
that there are some differences between the simulated results 
and the measurement-based data. This difference is mainly 
caused by the assumption made for mechanical static friction 
which is used in the calculation of magnetτ . It is assumed that the 
maximum mechanical static friction is evenly distributed. But, 
in practice, it varies with the different orbit angles (
s ). One 
case is shown in Fig. 7 (the red solid line): the starting torque 
for the ordinary scroll air motor without magnets is unevenly 
distributed which is due to the varied maximum mechanical 
static friction with orbit angles.  
 
 
Fig. 9.  Comparison of measurement-based and simulated magnetic torques  
 
For the magnetic scroll air motor, the resultant magnetic 
force/torque can affect the clearances between the moving and 
fixed scrolls, in turn the air leakage of the scroll air motor. 
There are two types of leakages associated with the air motor 
operation, i.e., flank and radial leakages (refer to [5]). Based on 
the current prototype design, the magnetic force/torque can 
only vary the flank leakage during the operation. The mass flow 
rate of the flank leakage is ([5]), 
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                      (17) 
where  ra  is leakage flow coefficient;  is specific heat ratio of 
air, 1.4  ;  is compressed air density; subscript i  stands 
for the  i  th pair of side chambers;  f is flank gap clearance 
which can be assumed to be a constant, for ordinary scroll air 
motors 0.01 ~ 0.06f  mm [5, 7, 11, 27, 28]. From Eq. (17), 
the quantity of air leakage changes with the variation of 
clearance f  which is affected by the magnetic force/torque. 
Due to the difficulties in measuring the leakage and the 
magnetic force during the air motor operation, the investigation 
of leakage effect with efficiency analysis is performed via 
simulation study. It is assumed that the prototype magnetic 
torque can linearly affect the flank leakage clearance, 
i.e., _ ( 0)f f ini flank magnet fK τ     , _f ini  is the initial value 
of the flank leakage clearance which can be chosen from 
0.01mm to 0.06mm, according to the range of the flank leakage 
clearance for ordinary scroll air motors (refer to [5, 7, 11, 27, 
28]); flankK is a coefficient and its range needs to consider the 
value of magnetτ . Based on the above, Fig. 10 shows the 
relationship between the magnetic torque and the flank leakage 
gap clearance with different values of flankK  when 
_ 0.02f ini  mm. A larger value of flankK will impose a greater 
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effect on the leakage clearance. In the study, 
magnetτ is from 
-0.172 to 0.177 Nm (Eq. (1)) and thus [0, 0.113]flankK  .  
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Fig. 10.  Relationship between magnetic torque and flank leakage clearance 
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(a) Comparison of the rates of flank leakage amount between the ordinary scroll 
TRS09 and the prototype magnetic scroll (
_ 0.02f ini  mm, 0.0565flankK  ) 
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(b) The rates of flank leakage amount of the prototype magnetic scroll air motor 
with the different values of 
flankK  ( _ 0.02f ini  mm) 
Fig. 11 Simulation results for the rate of flank leakage amount 
( _ 0.02f ini  mm) 
 
To study how the magnetic force/torque influences the effect 
of air leakage in scrolls, the rate of flank leakage amount is 
defined as, 
_
_
ˆ
100%
ˆ
flank down
flank leakage
in
m
m
              (18) 
where ˆ inm  is the air mass which is from the air motor inlet to 
the central chamber in steady state operation, with the duration 
corresponding to the orbit angle rotation from 0  to s , 
[0 ,360 )s  ;  _ˆ flank downm  is the air mass resulting from flank 
leakage at the steady states, which is from the central chamber 
to the downstream chambers, with the same duration as ˆ inm . 
The rate of flank leakage amount (
_flank leakage ) indicates how 
much influence the flank leakage has on the scroll machine 
operation during steady states.  
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Fig. 12 Simulation results for the rate of flank leakage amount of the prototype 
magnetic scroll air motor ( _ 0.04f ini  mm)  
 
Fig. 11 shows the simulation results of the rate of flank 
leakage amount with _ 0.02f ini  mm, including: (i) the 
comparison of the rates between the ordinary scroll air motor 
and the prototype magnetic scroll air motor (Fig. 11(a)); (ii) the 
rates of flank leakage amount of the prototype with the different 
values of flankK (Fig. 11(b)). The parameters used for the 
simulation study are listed in Table 2. The measurement-based 
magnetic torque is used for the simulation, which is 
implemented via a look-up table. From Fig. 11(a), with 
flankK keeping at a constant value of 0.0565, a comparison of 
the different supply pressures can be seen. It is seen that, the 
lower the supply pressures, the grater the effect of air leakage 
on both the ordinary and magnetic scroll air motors. Also, the 
effect of magnetic torque on the rate _flank leakage is more 
obvious at the lower supply pressures. Thus, the applications of 
magnetic scroll air motors should be more valuable in the low 
air pressure operation conditions, e.g., exhaust energy recycling. 
According to this, Fig. 11(b) studies the rate of flank leakage 
amount at a low supply pressure 52 10 Pa with 
_ 0.02f ini  mm and the different values of flankK are used 
( [0, 0.113]flankK  ). The dotted line ( 0flankK  ) shows the 
rate _flank leakage of the ordinary scroll air motor. For comparison, 
Fig. 12 shows the simulation results for the rate of leakage 
amount at 52 10 Pa with _ 0.04f ini  mm. In this case, 
considering _f f ini flank magnetK τ    ( 0)f  , 
[0, 0.226]flankK   , because of the increase of the initial value 
of the flank clearance ( _f ini ). It can be seen that, the amplitude 
variation of the rate of flank leakage amount in Fig. 12 can be 
higher than that in Fig.11(b). Thus, the potential of the 
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reduction of air leakage in Fig. 12 could be more obvious 
compared to the results shown in Fig. 11(b). This indicates that 
the potential of the reduction of air leakage not only depends on 
the strength of magnetic force/torque but also the initial original 
air leakage with its clearance.  
The available air power at the inlet can be defined as the 
maximum potential power that can be extracted from the 
compressed air ([29]), 
[( ) ( )]airin in in atm atm in atmP m h h T s s             (19) 
where subscripts in , atm are the inlet and atmospheric states 
of compressed air, respectively; s is specific entropy of air. 
From the fundaments of thermodynamics, an alternative for 
calculating the air power can be ([29-31]), 
ln 1 ln
1
in in in
airin in air atm
atm atm atm
P T T
P m R T
P T T


  
     
   
     (20) 
where 
airR is the gas constant for air. The energy efficiency of 
the magnetic scroll air motor can be defined as, 
 
_
_air _ _ _
_ _ _
[ ( , , )
, , , ]
mag scroll s
s s c s s s e magnet
airin airin
S C s s c s s s e fs s
P
τ P P P τ
P P
K S P P P K


 
  
 
   (21) 
where 
_mag scrollP  is the generated net power from the shaft of the 
magnetic scroll air motor. Fig. 13 shows the simulation results 
of the change of energy efficiency of the magnetic scroll air 
motor with the flank leakage clearance variation. In the 
simulation study, the clearance causing the radial leakage  is set 
as a constant of 0.015 mm, and the radial leakage calculation is 
similar to the flank leakage (for details, refer to [5, 28]). In Fig. 
13, when the supply inlet pressure is at 52 10 Pa, with the 
assumption that the original flank leakage clearance is 0.02mm, 
the energy efficiency can be maximally improved by about 
4.0% (considering the flank leakage clearance can be reduced 
to 0); the potential of efficiency improvement can be up to 
around 8.3%, when the original value of the flank clearance 
_ 0.04f ini  mm; the energy efficiency has the possibility to 
improve around 15% if  _ 0.06f ini  mm.  
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Fig. 13. The simulation results of flank leakage clearance vs. energy efficiency 
 
    Further Discussion： The simulation study reported in this 
section shows the relationship between the magnetic torque, the 
flank leakage and the energy efficiency of the magnetic scroll 
air motor. Figs. 11 and 12 indicate that the current 
magnetization strategy for the prototype magnetic scroll can 
reduce the air leakage only in some sections but not the whole 
cycle. This gives important information in developing a better 
strategy for the design of magnetic scroll air motors. It can be 
considered that using electromagnets to replace some of the 
permanent magnets to be inserted into the scroll air motor 
would allow the generated magnetic torque to be controlled by 
the supplied excitation current into the windings wrapped 
around the electromagnets. This will optimize the sections of 
air leakage reduction in each cycle operation. The research to 
the new strategy is currently on-going work within the research 
group.  
VI. CONCLUSION  
An innovative scroll-type air motor with magnetized spirals 
is proposed in the paper. The realization of the magnetic scroll 
concept is explored and a feasible technique is proposed, that is, 
machining two thin slots on both fixed and moving scrolls to 
host the magnetized spiral segments. A prototype of the 
magnetic scroll air motor is manufactured, which proves the 
feasibility. The technique proposed retains the original 
mechanical structure for airflow and also protects the 
embedded magnetic materials.  
The simulation study on two different topologies of 
embedding magnetic spiral segments inside the air motor 
enhances the understanding of the corresponding magnetic 
fields and the flux density distributions. This can provide a 
guide for optimizing magnetization of the scrolls. The effect of 
the magnetization and the generated magnetic torque on the 
scroll air motor performance and operation is studied via 
modelling, simulation and experiment.  
From the study, it can be concluded that: the magnetized 
spirals will result in additional torques and their directions 
depend on the direction of magnetization; the developed 
magnetic scroll air motor has potential in reducing the leakage 
between air chambers and in turn improving the energy 
efficiency. The study shows that it has potential to improve 
efficiency by around 15% at 52 10 Pa supply pressure 
condition with the initial flank clearance at 0.06mm. This opens 
a wider opportunity for scroll technology to be used in the 
applications with low air pressure operation conditions, such as 
exhaust energy recycling.  
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